IRBIT is an IP 3 R [IP 3 (inositol 1,4,5-trisphosphate) receptor]-binding protein that competes with IP 3 for binding to the IP 3 R. Phosphorylation of IRBIT is essential for the interaction with the IP 3 R. The unique N-terminal region of IRBIT, residues 1-104 for mouse IRBIT, contains a PEST (Pro-Glu-Ser-Thr) domain with many putative phosphorylation sites. In the present study, we have identified a well-conserved PP1 (protein phosphatase-1)-binding site preceeding this PEST domain which enabled the binding of PP1 to IRBIT both in vitro and in vivo. IRBIT emerged as a mediator of its own dephosphorylation by associated PP1 and, hence, as a novel substrate specifier for PP1. Moreover, IRBIT-associated PP1 specifically dephosphorylated 
INTRODUCTION
IP 3 R [IP 3 (inositol 1,4,5-trisphosphate) receptor] is a key component for intracellular Ca 2+ signalling [1] . The complex regulation of Ca 2+ signals has been partly attributed to the diversity of IP 3 R isoform expression and their subcellular distribution, assembly of heterotetrameric IP 3 R complexes, proteolytic degradation of IP 3 R and regulation of IP 3 R activity by various cellular regulators. The last includes Ca 2+ itself as well as a broad diversity of interacting proteins, which for the IP 3 -binding domain of IP 3 R include calmodulin and related Ca 2+ -binding proteins, Homer, Gβγ , the PKC (protein kinase C), anchoring protein RACK1 (receptor for activated C kinase 1) and IRBIT (IP 3 R-binding protein released by IP 3 ) [2, 3] . In addition, IP 3 R contains a large number of potential and/or documented phosphorylation sites. Among the kinases that target IP 3 R are the serine/threonine protein kinases PKA (protein kinase A), PKB (protein kinase B), PKC, PKG (protein kinase G) and the MAPK (mitogen-activated protein kinase) ERK (extracellular-signalregulated kinase), the tyrosine kinases Fyn and Lyn, Rho kinase and the cyclin-dependent kinase Cdk1, whereas the phosphatases involved in this process include PP1 (protein phosphatase-1), PP2A (protein phosphatase-2A) and PP2B (protein phosphatase-2B; also termed PP3 or calcineurin), as reviewed in [4, 5] and shown recently [6] .
IRBIT interacts directly with the ligand-binding domain of the IP 3 R [7] . This interaction reduces the affinity of IP 3 R for IP 3 and suppresses IP 3 -induced Ca 2+ release [7] . We have shown previously that a PEST (Pro-Glu-Ser-Thr) region (residues 65-92 in the mouse sequence) in the N-terminal domain of IRBIT is essential for the interaction with the ligand-binding domain of the IP 3 R [7] . The PEST region contains many in silico-predicted phosphorylation sites [8] [9] [10] , but the relevance of these sites for the interaction between IRBIT and IP 3 R remains to be elucidated. Collins et al. [11] have shown that IRBIT residues Thr 82 , Ser 84 and Ser 85 are sites phosphorylated in vivo. However, Ando et al. [10] have demonstrated recently that mutation of Ser 85 to alanine results in a dramatic increase of the in vivo phosphorylation of IRBIT, whereas mutation of two other residues, Ser 68 and Ser 71 , to alanine results in a strong decrease (see Figure 2F in [10] ). These workers suggested that Ser 68 acts as an initiator site for a phosphorylation cascade involving CaMKs (Ca 2+ /calmodulindependent protein kinases) and CK1 (casein kinase 1) [10] . Taken together, these findings are indicative of a very complex regulation of the phosphorylation status of IRBIT.
Given the importance of phosphorylation for the function of IRBIT in suppressing IP 3 R activity [7, 10] , in the present study, we searched for a protein phosphatase involved in the dephosphorylation and, hence, inactivation of IRBIT. We found that IRBIT contains a specific well-conserved binding site for PP1. Using site-directed mutagenesis and competition experiments, we have shown that this docking site is a key player in the binding of PP1 both in vitro and in vivo. Moreover, IRBIT was found to be a substrate specifier for PP1 and to target the activity of PP1 towards IRBIT itself. Analysis of the phosphorylation profile of IRBIT using in vitro phosphorylation experiments and MS revealed that phosphorylation of Ser 68 [12] , CK1 [13] and the catalytic subunit of PP1 [14] were purified as described previously. KRX Escherichia coli cells and the QuikChange TM site-directed mutagenesis kit were from Stratagene.
Preparation of IRBIT mutants and GST (glutathione transferase) fusion proteins
We used the pEXPR-IBA103-IRBIT construct described previously [7] as a template for subcloning residues 1-530 and 1-104 into the bacterial pGEX6p2 vector. KRX E. coli cells were transformed with the vectors. Colonies were grown overnight in 50 ml of DYT medium [16 g/l peptone, 10 g/l yeast extract and 5 g/l NaCl (pH 7.1)] at 37
• C. DYT medium (350 ml) was added to this pre-culture, and bacteria were grown further at 28
• C until the D 600 was 1.5. Protein expression was induced by adding 0.1 mM IPTG to the bacterial culture, which was grown further at 14
• C for another 8 h. Bacterial cells were harvested and lysed by sonication. Lysates were cleared via centrifugation (10 000 g for 10 min) at 4
• C and filtered through a 0.22 µm pore-size filter. GST fusion proteins were purified using GSTrap FF columns coupled to theÄKTA FPLC system (GE Healthcare). All fusion proteins were dialysed against TBS [Tris-buffered saline; 10 mM Tris/HCl (pH 7.5) and 100 mM NaCl], using a Slide-A-Lyzer dialysis cassette with a cut-off of 10 kDa, and stored at − 80
• C. Protein quantification was done using BSA as a standard.
The site-directed mutations of the PP1 docking site were performed using the QuikChange TM site-directed mutagenesis kit. The I42A/F44A mutant was made using 5 -CAAGAAGC-AAGCCCAGGCTGCTGATGACATGC-3 and 5 -GTCATC-AGCAGCCTGGGCTTGCTTCTTGGG-3 as the primers, in which the mutations are underlined. The K40R/Q41R/I42V/Q43R mutant was constructed using 5 -CTCCCAAGAGGCGAG-TCCGGTTTGCTGATGAC-3 and 5 -ATCAGCAAACCGGA-CTCGCCTCTTGGGAGC-3 . Mutagenesis was performed on the pEXPR-IBA103-IRBIT construct. The wild-type and I42A/F44A mutant were transferred via PCR to pTRACER/CMV-Bsd, resulting in pTRACER-IRBIT and pTRACER-IRBIT(I42A/F44A) respectively, allowing eukaryotic overexpression of untagged IRBIT. The N-terminal 104 amino acids containing the PP1-docking-site mutations were transferred via PCR into the  pGEX6p2 vector for the purification of GST-IRBIT   1−104(I42A/F44A) and GST-IRBIT 1−104(K40R/Q41R/I42V/Q43R) respectively. The site-directed mutations of Ser 68 to asparagine, glumatate and alanine were performed using the QuikChange TM site-directed mutagenesis kit on the pGEX6p2-IRBIT(1-104) vector, enabling purification of GST-IRBIT 1−104(S68D) , GST-IRBIT 1−104(S68E) and GST-IRBIT 1−104(S68A) respectively. All constructs were sequenced on a Genetic Analyser 3100 using Big Dye Terminator V1.1 technology (Applied Biosystems).
In vitro phosphorylation and dephosphorylation of IRBIT
Purified GST-IRBIT 1−104 (or the appropriate mutants) was added to a reaction mixture containing 50 mM glycylglycine (pH 7.5), 50 µg/ml BSA and 20 µg/ml PKD and/or 30 µg/ml CK1. The phosphorylation reaction was started by addition of an Mg 2+ /[γ -32 P]ATP mixture giving a final concentration of 2 mM MgCl 2 and 0.1 mM ATP (with 0.1 µCi/µl [γ -
32 P]ATP) in the assay. After incubation for 1 h at 30
• C, the reaction was stopped by addition of 10 mM EDTA and incubation on ice. For subsequent dephosphorylation, 60 nM PP1 was added to the reaction mixture, and the mixture was incubated for 10 min at 30
• C (unless stated otherwise). Samples were separated on a 10 % (w/v) BisTris NuPAGE ® gel. After staining with Coomassie Blue, radioactivity was detected using phosphoscreens and a STORM 840 PhosphoImager (GE Healthcare). Quantification was done using TotalLab software (Non-linear Dynamics).
Pull-down assay between GST-IRBIT and PP1
Purified GST-IRBIT fusion proteins (650 pmol) were immobilized on glutathione-agarose beads and incubated with the catalytic subunit of PP1. After washing, the trypsin-released phosphorylase a phosphatase activity was measured as described previously [15, 16] .
Pull-down assay between GST-IP 3 R1
1−604 and IRBIT Bacterial fusion protein GST-IP 3 R1 1−604 was purified from E. coli as described for GST-IRBIT 1−104 . IRBIT or IRBIT mutants were transfected as pEXPR-IBA103 constructs in COS-1 cells using GeneJuice (EMD Biosciences). At 2 days after transfection, cells were collected and lysed in RIPA buffer [25 mM Hepes (pH 7.5), 0.3 mM NaCl, 1.5 mM MgCl 2 , 0.5 mM DTT (dithiothreitol), 20 mM β-glycerophosphate, 10 % (v/v) glycerol, 1 mM Na 3 VO 4 and 1 % (v/v) Triton X-100] as described previously [7] . The lysate was added to immobilized GST-IP 3 R1
1−604 , the incubate was washed and bound proteins were subsequently eluted with glutathione. IRBIT present in the eluates was detected using an HRP-conjugated Strep-Tactin monoclonal antibody after SDS/PAGE and blotting, as described previously [7] . Presence of the GST fusion proteins in the eluates was confirmed by Ponceau staining of the immunoblot (results not shown).
Production of an anti-IRBIT antibody
A New Zealand white rabbit was immunized with purified GST-IRBIT 1−104 by subcutaneous injection with complete Freund's adjuvant and subsequent injection of the purified GST-IRBIT 1−104 alone at 14-day intervals. The whole procedure was performed by Sigma-Genosys. To confirm the specificity of the antibody, COS-1 cells were used that were transfected with pTRACER-IRBIT to enable overexpression of wild-type untagged IRBIT. Figure S1 (B), the anti-IRBIT antibody enabled immunoprecipitation of IRBIT.
Immunoprecipitations from COS-1 cells
COS-1 cells were used that were co-transfected with the pEGFP-PP1α vector [17] and the pTRACER-IRBIT constructs using GeneJuice (EMD Biosciences), according to the manufacturer's protocol [13] . Transfection with the empty pTRACER vector was used for experiments with endogenous IRBIT. After 2 days, cells were collected and lysed in lysis buffer [50 mM Tris/HCl (pH 7.5), 0.3 M NaCl, 1 % (v/v) Triton X-100, 0.5 mM DTT, 0.5 mM PMSF, 0.5 mM benzamidine and 5 µM leupeptin]. The lysate was cleared by centrifugation (10 min at 3800 g at 4
• C) and incubated for 1 h with Protein A-TSK-Sepharose TM (Affiland) to remove non-specific interactions. The Protein A-TSK-Sepharose TM was subsequently removed via centrifugation (2 min at 1500 g at 4
• C). The anti-IRBIT antibody designed against the unique Nterminal region of IRBIT was added for 1 h at 10
• C, followed by incubation with Protein A-TSK-Sepharose TM for another 1 h. For control experiments, buffer was added instead of the anti-IRBIT antibody. Following centrifugation (20 s at 1000 g), the pellet was washed once with TBS supplemented with 0.1 M LiCl and three times with TBS supplemented with 0.1 % Nonidet P40. Next, the pellet was washed once with, and resuspended in, 20 mM Tris/HCl (pH 7.5) supplemented with 1 mM DTT and 0.1 mg/ml BSA. The trypsin-released phosphorylase a phosphatase activity in the precipitates was measured as described previously [15, 16] . The background PP1 activity of control experiments without the anti-IRBIT antibody was subtracted from the total PP1 activity in the IRBIT immunoprecipitates. The resulting values represent the specific PP1 activity present in the IRBIT immunoprecipitates.
Subcellular localization using fluorescence microscopy
HeLa cells were transiently co-transfected with pEGFP-PP1γ 1 [17] and pEXPR-IBA103-IRBIT (wild-type or I42A/F44A mutant) or the empty pEXPR-IBA103 vector as a control. Transfection was performed using FuGENE6 (Roche Molecular Biochemicals), according to the manufacturer's protocol. At 24 h after transfection, the cells were washed twice with PBS and analysed with Cell ® on an Olympus IX81 fluorescence microscope. To enable phosphorylation, GST-IRBIT purified from bacteria was added to a reaction mixture containing 50 mM glycylglycine (pH 7.5), 50 µg/ml BSA and 20 µg/ml PKD and/or 30 µg/ml CK1. The reaction was started by addition of a Mg 2+ /ATP mixture (2 mM MgCl 2 and 0.1 mM ATP), and the reaction tubes were incubated for 2 h at 30
• C. The reaction was stopped by addition of 10 mM EDTA and incubation on ice. Subsequently, PP1 was added where indicated and all samples were incubated for 10 min The (de)phosphorylated GST-IRBIT samples were added to a final concentration of 250 nM GST-IRBIT. After 30 min of incubation, 10 µl of γ -globulin (20 mg/ml) and 110 µl of 20% (w/v) poly(ethylene glycol) in IP 3 -binding buffer were added for 10 min, and the samples were rapidly filtered through glass-fibre filters. Non-specific binding was determined in the presence of 12.5 µM unlabelled IP 3 . Results are expressed as the percentage inhibition of IP 3 binding (means + − S.E.M.) compared with the control reaction in the presence of non-phosphorylated bacterially purified IRBIT. Individual groups were compared by an unpaired Student's t test (P < 0.01).
RESULTS
The N-terminal K 40 QIQF 44 sequence of IRBIT mediates a direct interaction with PP1 in vitro
The C-terminal part of mIRBIT (mouse IRBIT; GenBank ® accession number AB092504), residues 105-530, is homologous with the methylation pathway enzyme AHCY (S-adenosylhomocysteine hydrolase). IRBIT was therefore also termed AHCYL1 (AHCY-like 1) [19] . The N-terminal 104 residues of mIRBIT have no homology with any other mouse protein and are likely to regulate mIRBIT function. This N-terminal region contains an in silico-predicted PEST domain, residues 65-92, which we have shown previously [7] to be essential for the interaction with the IP 3 R. An in silico analysis indicated several putative phosphorylation sites within the PEST domain, including the L-X-R-X-X-S/T motif (which can be phosphorylated by PKD; where X is any residue) and several pS/T-X-X-S/T motifs (which can be phosphorylated on the last residue by CK1 if the first residue is already phosphorylated) ( Figure 1A ). An alignment of the N-terminal region of IRBIT from Mus musculus with its orthologues from Homo sapiens (GenBank ® accession number NM_006621), Xenopus laevis (GenBank ® accession number BC081269), Danio rerio (GenBank ® accession number NP_958450) and Drosophila melanogaster (GenBank ® accession number NM_139489) showed that residues 39-104 (for mIRBIT) are well-conserved between the organisms, except for D. melanogaster in which the conservation starts only from residue 57 (mouse sequence). The L-X-R-X-X-S/T motif is conserved in all vertebrates, but not in D. melanogaster. Neither Caenorhabditis elegans nor lower eukaryotes have an IRBIT homologue.
Residues 40-44, KQIQF, conform to a consensus docking site for PP1, [R/K]-X 0−1 -[I/V]-{P}-F (where {P} denotes any residue except proline) [20] . This sequence, also known as the RVxF motif, is conserved from H. sapiens to D. rerio, but is not found in D. melanogaster. Moreover, as in other established PP1 interactors, the RVxF motif of IRBIT is flanked N-terminally by a stretch of basic residues and C-terminally by an acidic stretch. The presence of the RVxF motif from vertebrates onwards qualifies IRBIT as a potential secondary interactor of PP1 [21] and suggests a possible role of PP1 in the control of the phosphorylation state of the unique N-terminal region.
To explore experimentally the predicted interaction between PP1 and IRBIT, we generated bacterially expressed affinitypurified GST-IRBIT fusion proteins. We assayed the ability of the GST-IRBIT fusion proteins to interact with the catalytic subunit of PP1 purified from rabbit skeletal muscle. The trypsin-releasable phosphorylase a phosphatase activity was used as a measure of the amount of PP1 bound to GST-IRBIT [13] . As shown in 1−104 and a slightly stronger interaction with full-length GST-IRBIT. This indicates that secondary interaction motifs may be present in the C-terminus of IRBIT. We have shown previously that IRBIT is cleaved in vivo between residues 73 and 74 [7] . To investigate whether the resulting C-terminal part of IRBIT contained interaction motifs for PP1, we performed pull-down assays with GST-IRBIT 74−530 and quantified associated PP1. As shown in Figure 1(B) , GST-IRBIT 74−530 had no significant PP1-binding activity and, hence, the presumed C-terminal secondary motifs do not represent high-affinity binding sites for PP1.
To examine the relevance of the RVxF motif of IRBIT as a docking site for PP1, we constructed the GST-IRBIT 1−104(I42A/F44A) mutant. As shown in Figure 1(B) , the PP1-binding activity of this mutant was reduced to background levels. This indicates that PP1 binds directly to IRBIT via its RVxF motif. RVxF variants bind with different affinities to PP1 [20] . An optimized PP1 docking motif for IRBIT would be RRVRF, according to the criteria described previously [20] . Therefore we constructed GST-IRBIT 1−104(K40R/Q41R/I42V/Q43R) , containing this optimized docking motif. As shown in Figure 1 (B), this optimized docking mutant indeed had an approx. 2-fold increase in PP1 binding, indicating the relative strength of the RVxF variant of IRBIT for the in vitro interaction with PP1.
IRBIT and PP1 interact in vivo
To investigate whether PP1 interacted with IRBIT in intact cells, COS-1 cells were co-transfected with pEGFP-PP1α and the empty vector pTRACER (for endogenous IRBIT) or the pTRACER-IRBIT constructs [for overexpression of untagged IRBIT or IRBIT (I42A/F44A) ]. After cell lysis, immunoprecipitation was performed with an antibody designed against the unique N-terminus of IRBIT. These immunoprecipitates were assayed for PP1 activity using the trypsin-released phosphorylase a phosphatase activity, as this is a measure for the amount of bound PP1. As shown in Figure 2 mutant appears to act as a dominant-negative mutant for PP1 binding to endogenous IRBIT. In this respect, it should be noted that IRBIT can multimerize via its C-terminal AHCYlike domain [10] . This multimerization could be involved in the dominant-negative effect of the IRBIT (I42A/F44A) mutant, as this could reduce the binding of endogenous IRBIT with PP1. In a similar manner to the immunoprecipitation of PP1α (Figure 2A ), PP1γ 1 from COS-1 cells could be co-immunoprecipitated with the specific anti-IRBIT antibody (results not shown). In the latter experiment, overexpression of IRBIT also increased PP1 activity in the immunoprecipitates, indicating no difference between PP1 isoforms in the interaction with IRBIT.
It is well known that expression of PP1 interactors can lead to the subcellular redistribution of PP1 [17] . As IRBIT has been shown previously to be a mainly cytoplasmic protein [9] , we investigated whether overexpression of IRBIT resulted in a cytoplasmic translocation of PP1γ 1. In HeLa cells, the latter isoform of PP1 is nearly exclusively nuclear in location and is enriched in the nucleoli ( Figure 2B ). Overexpression of wild-type IRBIT resulted in a partial relocalization of EGFP-PP1γ 1 [where EGFP is enhanced GFP (green fluorescent protein)] to the nonnucleolar nucleus and the cytoplasm, whereas the non-binding IRBIT (I42A/F44A) mutant did not alter the nucleolar EGFP-PPγ 1 localization. The translocation by wild-type IRBIT was observed in approx. one-fifth of the cells in three independent experiments, each verified in 100 cells, and was not observed in the control conditions or in the cells transfected with IRBIT (I42A/F44A) . This observation is compatible with an interaction between IRBIT and PP1 in vivo. PP1α could not be used for this translocation experiment, as this isoform is localized to the cytosol [17] . 
PP1 specifically dephosphorylates Ser 68 of IRBIT
Residue 68 resides in a consensus phosphorylation site for PKD ( Figure 1A ) [22, 23] . Interestingly, phosphorylation of Ser 68 could allow for subsequent phosphorylation of Ser 71 , Ser 74 , Ser 77 and Ser 80 by CK1, for which the consensus phosphorylation site is pS/T-X-X-S/T (where the target residue for CK1-mediated phosphorylation is underlined, and the required preceding phosphorylated residue is indicated as pS/T). In a similar manner to the PP1 docking site, the PKD motif is conserved in all vertebrates, but not in D. melanogaster ( Figure 1A) .
Using in vitro phosphorylation experiments, we have shown that PKD phosphorylated IRBIT ( Figure 3A) . Addition of CK1 alone resulted in a weak phosphorylation of IRBIT, whereas the combination of both CK1 and PKD resulted in a synergistic phosphorylation. This was in agreement with previous findings [10] , and indicates a priming function of Ser 68 for subsequent phosphorylation by CK1. Using MS, we confirmed that Ser 68 was phosphorylated by PKD (see Supplementary Figure S2 at http:// www.BiochemJ.org/bj/407/bj4070303add.htm). Accordingly, the IRBIT S68A mutant could no longer be phosphorylated by PKD, whereas the weak CK1-mediated phosphorylation was not affected ( Figure 3A) . As the combined phosphorylation of this mutant by PKD and CK1 was reduced to the level of phosphorylation by CK1 alone, we concluded that phosphorylation of Ser 68 (by PKD) strongly promoted subsequent phosphorylation by CK1. Similar results were obtained with CaMKIV instead of PKD (see Supplementary Figure S3 at http://www.BiochemJ.org/ bj/407/bj4070303add.htm).
In 1−581 by 250 nM GST-IRBIT phosphorylated by PKD (+ PKD) and PKD and CK1 (+ PKD + CK1). Addition of non-phosphorylated IRBIT was used as a control (0 % inhibition). A sample that was first phosphorylated by PKD and CK1 and subsequently incubated with PP1 (see the Materials and methods section) was also used (+ PKD + CK1 + PP1). Binding was measured at pH 7.4 in the presence of 1 mM EDTA and 1.5 nM Figure 1A) . We therefore examined the effect of PP1 on PKD-mediated phosphorylation of IRBIT. IRBIT was first phosphorylated by PKD in the presence of [γ -
32 P]ATP, and subsequently incubated with purified PP1 or buffer as a control. As shown in Figure 3(B) , PP1 dephosphorylated IRBIT completely. We also investigated the effect of PP1 on IRBIT that was first phosphorylated by CK1 alone or by a mixture of PKD and CK1. As shown in Figure 3(B) , the weak CK1-mediated phosphorylated of IRBIT was not significantly reduced by the addition of PP1. The strong phosphorylation by a mixture of PKD and CK1 was slightly decreased after subsequent addition of PP1. This observation again indicates that PP1 does not dephosphorylate the CK1 sites and specifically dephosphorylates Ser 68 . The specific dephosphorylation of Ser 68 is particularly noteworthy as it excludes in vitro dephosphorylation artifacts. We investigated whether phosphorylation by PKD and CK1 affected the capacity of IRBIT to inhibit the binding of IP 3 to the IP 3 R. Therefore GST-IRBIT was purified from E. coli and was in vitro phosphorylated by PKD or a mixture of PKD and CK1. IRBIT was used at a final concentration of 250 nM, and the kinases were inactivated after the phosphorylation reaction by addition of EDTA (see the Materials and methods section). We found that phosphorylation by PKD alone did not enable IRBIT to inhibit the binding of IP 3 to the IP 3 R ( Figure 3C ). However, the combined phosphorylation by PKD and CK1 resulted in a significant inhibition (P < 0.01) of IP 3 binding ( Figure 3C ). To analyse the relevance of the phosphorylation of Ser 68 in this inhibition, the sample that was phosphorylated by PKD and CK1 was subsequently incubated with purified PP1 to allow specific dephosphorylation of Ser 68 (also see Figure 3B ). We found that, under these conditions, the inhibition of IP 3 binding was nearly equally effective ( Figure 3C ), indicating that phosphorylation of Ser 71 and Ser 74 was sufficient to inhibit IP 3 binding to the IP 3 R. This finding also shows that phosphorylation of Ser 68 is required to promote subsequent phosphorylation of Ser 71 and Ser 74 , but that phosphorylated Ser 68 is not directly involved in the inhibition of IP 3 binding by IRBIT. We have shown previously that 250 nM IRBIT purified from Sf9 insect cells inhibited 50 % of the IP 3 binding to the IP 3 R (see Figure 4 in [7] ). It is well known that in vitro phosphorylation of proteins purified from bacteria does not occur with 100 % efficiency. Therefore the actual concentration of bacteria-derived GST-IRBIT phosphorylated on Ser 68 and, more importantly, on Ser 71 and Ser 74 is expected to be less than 250 nM. This can at least partially explain why the inhibition of IP 3 binding is less pronounced with 250 nM in vitro phosphorylated GST-IRBIT compared with 250 nM in vivo phosphorylated IRBIT purified from Sf9 insect cells.
Phosphorylation of Ser
IRBIT is a substrate specifier for PP1 and targets PP1 for dephosphorylation of Ser 68 Some interactors of PP1 act as substrate specifiers. For example, the glycogen-targeting G-subunits inhibit the activity of associated PP1 towards glycogen phosphorylase (also termed phosphorylase a), but enhance the activity towards glycogen synthase [25] . IRBIT is also an inhibitor of the phosphorylase a phosphatase activity of PP1 as shown in [13, 20] . The RVTF peptide was used to disrupt the RVxF-mediated interaction between PP1 and its interactors, whereas the RATA peptide represented a control peptide that does not interfere with the interaction between the RVxF motif and PP1 [20] . We found that the RVTF peptide completely inhibited the IRBIT-mediated inhibition of PP1, whereas the RATA peptide had no effect (Figure 4 ). This shows that the RVxF motif in the N-terminus of IRBIT is essential for inhibition of the phosphorylase a phosphatase activity of PP1. Probably, the RVxF motif functions as an anchor for the initial binding of PP1 and thereby promotes lower-affinity interactions with IRBIT 105−530 that are inhibitory towards phosphorylase a as a substrate [20] . Taken together, this shows that IRBIT acts as a novel substrate specifier for PP1.
We have shown previously that phosphorylation of IRBIT is essential for the interaction with and inhibition of the IP 3 R [7] . Therefore we addressed the question of whether IRBIT could target PP1 for its own dephosphorylation. Therefore IRBIT and IRBIT (I42A/F44A) were first phosphorylated by PKD and subsequently incubated with PP1. As shown in Figure 5 (A), wildtype IRBIT was dephosphorylated in a time-dependent manner, whereas the phosphorylation of the I42A/F44A mutant, which cannot bind PP1, was only slightly decreased. Therefore we concluded that IRBIT targets PP1 for dephosphorylation of Ser 68 . To exclude any artefacts related to an aberrant tertiary structure due to the point mutagenesis performed in IRBIT (I42A/F44A) , we repeated the experiment with wild-type IRBIT that was phosphorylated by PKD, but we added one of the two following peptides to the mixture before the subsequent incubation with PP1: the RVTF decapeptide, which should disrupt the interaction with IRBIT and PP1, and the RATA decapeptide, which should not affect the interaction [20] . We found that addition of the RVTF decapeptide indeed strongly reduced the time-dependent dephosphorylation of IRBIT by PP1 compared with the control reaction in the presence of the RATA decapeptide ( Figure 5B ). These observations show that binding of PP1 to the RVxF motif in IRBIT is required for efficient dephosphorylation of Ser 68 , indicating that IRBIT is not only a substrate specifier for PP1 (Figure 4 ), but more specifically that IRBIT itself is a substrate of the IRBIT-associated PP1. Both the RVxF motif and the PKD consensus phosphorylation motif are conserved in all vertebrates ( Figure 1A ). The simultaneous introduction of both motifs during evolution is additional evidence for the relevance of PP1 as an inhibitor of the Ser 68 -mediated activation mechanism that acts on IRBIT.
Association of PP1 with IRBIT in vivo reduces the interaction between IRBIT and the IP 3 R
It has been shown previously that in vitro dephosphorylation of IRBIT by alkaline phosphatase prevented its interaction with the ligand-binding domain of the IP 3 R, also termed IP 3 R 1−604 [7, 9] . To investigate whether IRBIT is an in vivo target for dephosphorylation by associated PP1 and whether this affects its function, we expressed wild-type IRBIT or the non-binding mutant in COS-1 cells. After cell lysis, the ability of the recombinant IRBIT present in the COS-1 lysates to interact with the IP 3 R 1−604 was assayed in a GST pull-down experiment. As shown in Figure 6 , mutation of the PP1 docking site of IRBIT increased the interaction with the IP 3 R, presumably reflecting a higher phosphorylation level of IRBIT. This shows the in vivo . Cells were lysed, and the cleared lysate was used as a reference (indicated as INPUT). The GST pull-down assay with purified GST or GST-IP 3 R1
1−604 was performed as described in the Materials and methods section. The amount of sample used in lanes 2, 3, 5 and 6 was 5-fold higher than in lanes 1 and 4. IRBIT present in the eluates was detected using the HRP-conjugated Strep-Tactin antibody. Experiments were repeated four times and a representative blot is shown.
relevance of this newly identified PP1 docking site on IRBIT in the regulation of the interaction between IRBIT and the IP 3 R. It is noteworthy that it has been shown previously that deletion of the first 59 amino acids of IRBIT, encompassing the PP1 docking site, also enhanced the interaction with the IP 3 R ( Figure 2B in [10] ). This is in full agreement with our findings that mutational inactivation of the PP1 docking site results in a decreased interaction with PP1 ( Figure 1B and Figure 2 ) and, hence, in a decreased dephosphorylation of IRBIT ( Figure 5A ).
DISCUSSION
In the present study, we have identified PP1 as a novel regulator of the interaction between IRBIT and the IP 3 R. We have shown that PP1 binds directly to IRBIT both in vitro ( Figure 1 ) and in vivo (Figure 2 ). Site-directed mutagenesis revealed that the interaction is mediated by the K 40 QIQF 44 motif in the unique N-terminus of IRBIT (Figure 1) . Binding of IRBIT to PP1 allows IRBIT to act as a substrate specifier for PP1: the binding of IRBIT to PP1 inhibited the dephosphorylation by PP1 of an exogenous substrate (phosphorylase a, as shown in Figure 4 ), but conversely stimulated the PP1-mediated dephosphorylation of IRBIT itself ( Figure 5 ).
Using in vitro phosphorylation experiments and subsequent MS analysis, we have shown that PKD can phosphorylate IRBIT on Ser 68 and that this phosphorylation enables subsequent phosphorylation on Ser 71 and Ser 74 by CK1 ( Figure 3A , and Supplementary Figures S2 and S4-S6) . In this way, phosphorylation of Ser 68 can initiate a phosphorylation cascade that ultimately results in inhibition of the IP 3 R by IRBIT, consistent with a previous suggestion [10] . We also found that mutation of Ser 68 resulted in an enhanced electrophoretic mobility of bacterially expressed IRBIT, indicating that this mutation changes the three-dimensional structure of IRBIT. As IRBIT was purified from bacteria, it seems unlikely that the enhanced electrophoretic mobility was due to a lack of phosphorylation. Inversely, phosphorylation by CK1 (on Ser 71 and Ser 74 ) was found to induce a decrease in the electrophoretic mobility ( Figures 3A and 3B) . Mutation of the K 40 QIQF 44 docking site on IRBIT did not affect the electrophoretic mobility ( Figure 5 ). We demonstrated that IRBIT-associated PP1 specifically targeted phospho-Ser 68 ( Figures 3B and 5 ). Both the K 40 QIQF 44 PP1-binding site and the L-X-R-X-X-S/T consensus phosphorylation motif surrounding Ser 68 are conserved in all vertebrates (Figure 1A) . The simultaneous introduction of both motifs during evolution is additional evidence for the relevance of PP1 as an inhibitor of the Ser 68 -mediated phosphorylation cascade that activates IRBIT binding to the IP 3 R. Moreover, we have shown that mutational inactivation of the PP1 docking site on IRBIT results in an enhanced interaction between IRBIT and the IP 3 R (Figure 6 ).
Dephosphorylation of Ser 71 and Ser 74 is likely to involve a phosphatase different from PP1, as these sites were not in vitro dephosphorylated by PP1 ( Figure 3B) . Further experiments should be conducted to investigate the putative relevance of other major serine/threonine protein phosphatases, including PP2A, PP2B and PP2C, in the dephosphorylation of these sites.
Using (Figure 3C ). Therefore we propose that Ser 68 is an important regulatory residue for subsequent phosphorylation at Ser 71 and Ser 74 , but that it is not directly involved in the inhibition of IP 3 binding. In this respect, it should be noted that the residues surrounding Ser 68 of IRBIT constitute a potential phosphorylation site not only for PKD, but also for many other protein kinases, including CaMKI [26, 27] , CaMKII [28, 29] , CaMKIV ( [29] ; also see Supplementary Figure S3 ), AMPK (AMP-activated protein kinase) [26] and the MAPK-activated protein kinase MK-2 (also termed MAPKAPK-2) [30, 31] . Moreover, the activation of these kinases upon Ca 2+ release has already been demonstrated [26, 30, [32] [33] [34] , since the mutation of one of these sites strongly reduced the interaction with the IP 3 R in a pull-down assay (see Figure 2C in [10] ). But, remarkably, these mutants did not exhibit a strongly reduced incorporation of 32 P into IRBIT expressed in COS-1 cells (see Figure 2F in [10] ). Other possible candidates would be Thr 82 , Ser 84 and Ser 85 , which were found previously to be phosphorylated in synaptosomes [11] . However, the mutation of any of these three sites did not strongly reduce the interaction between IRBIT and the IP 3 R in a pull-down assay (see Figure 2C in [10] ). The functional importance of these five residues on the IP 3 R remains elusive.
The relevance of PP1 in the regulation of IP 3 R-dependent Ca 2+ signals, as suggested by the PP1 docking site in IRBIT, is strengthened further by findings that PP1 also binds to the IP 3 R either directly to its C-terminal tail [35] or indirectly via AKAP9 (A-kinase anchoring protein 9) association with the regulatory domain [36] . This makes PP1 a key player in the regulation of IP 3 R-dependent Ca 2+ signalling. It should be noted that the other PP1 docking sites in the IP 3 R multiprotein complex could also be functionally relevant for the in vivo dephosphorylation of IRBIT in addition to directly bound PP1. It is, for instance, conceivable that binding of PP1 to AKAP9 or to the C-terminus of the IP 3 R has a scaffolding function and increases the local PP1 concentration which, in turn, increases the binding of PP1 to IRBIT.
Finally, we propose a model ( Figure 7 resides in an L-X-R-X-X-S/T motif and could be phosphorylated by a kinase (including PKD, CaMKI, CaMKII, CaMKIV, AMPK or MK-2) that is activated upon Ca 2+ release. This could then be part of a negative-feedback mechanism attenuating IP 3 -induced Ca 2+ release via IRBIT. Dephosphorylation of Ser 68 by PP1 prevents or reverses this in vivo phosphorylation cascade, which could eventually result in a decreased interaction between IRBIT and the IP 3 R and a sensitization of the IP 3 R towards IP 3 .
